types in E. coli MutL (Aronshtam and Marinus, 1996) are
We show that this conserved fragment binds to DNA 2b). To determine if DNA binding by LN40 is mismatchdependent, the DNA mobility shift assay was performed and can activate MutH in DNA repair. In addition, we to give LN40 an elbow-like appearance (Figure 3a) . The interface between the two domains buries ‫0001ف‬ Å 2 of surface area and is dominated by aromatic and aliphatic residues (Figure 1) . Most of the conserved residues, although dispersed in the primary sequence, are clustered in two exposed patches, a large region in the first domain and a smaller region in the second domain, facing each other inside the elbow (Figures 3a and 3c) . Including the N and C termini, there are six disordered regions, four of which contain conserved sequences (Figure 1 ).
Structural Similarity Among MutL, DNA Gyrase, and Hsp90
It was reported recently that MutL may belong to a newly identified ATP-binding family that is characterized by The differences in helices A, B, and D probably reflect The crystal structure of LN40 was determined by the structural flexibility of this region, which shows large SIRAS method and refined at 2.9 Å resolution (Table 1) .
conformational changes upon ligand binding as ob-LN40 is composed of two ␣/␤ domains. The first domain served in NgyrB and Hsp90 (see discussion later). The (residues 20-200) resembles a flattened rectangular box major difference between LN40 and NgyrB is the relative with an eight-stranded mixed ␤ sheet forming one large orientation of the two domains, which differs by 38Њ flat surface and five ␣ helices forming the opposite sur- (Figure 4a ). This difference could be the result of differface (Figure 3a) . The topology of this domain can be ent protein sequences, the presence or absence of ATP, characterized as three repeats of a helix-turn-␤ hairpin.
or crystal lattice contacts. The relatively small and hyIn the second repeat, however, additional helices are drophobic interface between the two domains in LN40 found and the ␤ hairpin folds into a Greek key configuraposes little barrier for them to reorient. A structuretion (Figure 3b) . The second domain (residues 224-331) based sequence alignment of LN40 and NgyrB reveals is an ␣/␤ barrel made of five mixed strands and two greater than 30% similarity (Figure 4d ), indicating that parallel helices. This ␣/␤ barrel contains an unusual leftthey are likely to have evolved from a common ancestor. handed crossover of strand-helix-strand, which has only been observed in a few proteins (see discussion later).
MutL Binds ADP, ATP, and ADPnP Each domain in LN40 is stabilized by a hydrophobic MutL and LN40 binding of nucleotide was determined based on the increase of the UV absorption ratio at 260 core. The two domains are linked by two short helices 
MutL Is an ATPase
The ATPase activity of MutL is consistent with the structural similarity of LN40 to NgyrB and Hsp90. We Before the crystal structure of LN40 was determined and MutL was found to be similar to NgyrB and Hsp90, further tested the functional similarity of the ATPase active site using a gyrase inhibitor, novobiocin. Novobiowe were surprised by the observation that MutL alone could activate MutH to cleave Mis-110 in an ATP-depencin is an antibiotic derived from coumarins that specifically inhibits the ATPase activity of DNA gyrase at nanodent manner (Figure 2c our assay, many of these problems are minimized by using a 110 bp DNA substrate in which the mismatch The ATPase activity of MutL can be stimulated only at a DNA to protein ratio higher than 2:1 (data not shown).
and GATC sites are separated by 63 bp so that little or This difference helps to rule out the possibility of MutS contamination.
To prove that the detected ATPase activity is intrinsic to MutL, a point mutation in MutL designed to eliminate ATP hydrolysis was made. Based on structural homology between NgyrB and LN40, Glu-29 of MutL is likely to serve as a general base and activate the attacking water molecule to hydrolyze ATP. A MutL mutant, E29A, was constructed and purified in the same way as the native protein (manuscript in preparation). Based on UV absorption of purified protein-nucleotide complex, the E29A MutL can bind ATP and the ratio of nucleotide to protein is 0.6:1, similar to that of the ADP-MutL complex. As predicted, the E29A MutL is completely inactive in ATP hydrolysis (data not shown).
Combining the evidence presented, we conclude that MutL is an authentic ATPase. It is quite possible that the ATPase activity of MutL is regulated by other factors or proteins. There is also a slight chance that the presence of a histidine tag may enhance MutL ATPase activity. Conclusions concerning whether MutL functions as an independent ATPase in vivo and what may influence (Figure 7d) . We, therefore, interpret this E and is adjacent to L1. The third such loop (L3) is change in the elution profile of MutL from the size-exclubetween strand ␤13 and helix I and is structurally equivasion column to be the result of a nucleotide-induced lent to the loop that interacts with the ␥-phosphate in interaction of the N-terminal region (Figure 7c) .
MutH Activation by MutL Depends on ATP Binding
NgyrB. The conformational changes in LN40 and MutL The ADPnP-induced conformational changes in MutL induced by ADPnP correlate well with their functions in occur within minutes at protein concentrations between activating MutH. We therefore postulate that the lid of 0.3 to 2 mg/ml, while it takes hours for LN40 to fully the ATP pocket and L3 loop may be primary switches dimerize at a similar concentration (data not shown).
that directly interact with both the nucleotide and other The MutL-ADPnP complex is exceedingly stable and repair proteins. L1 and L2 loops may become ordered can withstand 5 mM EDTA, whereas the LN40-ADPnP and serve as contacting surfaces after primary conforcomplex gradually dissociates and LN40 becomes monomational changes, such as dimerization of LN40 or relameric (data not shown). These differences are likely due tive rotation of the first and second domains, triggered to MutL already being dimerized at the C-terminal reby a bound ATP. and DNA was diluted to 2 M in the same buffer. Eight picomoles fragments. These two fragments were isolated with a mono-Q coleach of MutH and MutS, 12 pmol of MutL or LN40, and 2 pmol of umn. LN40 was further purified with a Superdex-75 column and the heteroduplex DNA were mixed with the dilution buffer to a final concentrated to 7 mg/ml in 20 mM Tris (pH 8.4), 150 mM KCl, 1 mM volume of 15 l. Cleavage reactions were incubated at 20ЊC for 3 EDTA, 1 mM DTT, and 5% glycerol. N-terminal sequencing of each hr and stopped by addition of 0.17% SDS. Cleavage products were fragment indicated that LN40 contains residues 1-349 with three analyzed on a 10% polyacrylamide gel by electrophoresis in TBE additional residues left from the His-tag and LC30 contains residues buffer at 180 V for 40 min. DNA was stained with SYBR-green. 350-615. Size-exclusion chromatography, dynamic light scattering, and equilibrium ultracentrifugation showed that LN40 was mono-DNA Mobility Shift Assay meric in solution.
Hetero-or homoduplex DNA (4 pmol) was incubated with 4, 12, and Crystals of LN40 were grown at 20ЊC using the hanging drop 20 pmol of LN40 in 15 l buffer A for 2 hr. The reaction mix (12 l) diffusion method. The precipitant buffer contained 100 mM bis-Tris was analyzed on a 6% polyacrylamide gel by electrophoresis in propane (pH 6.6), 100 mM Mg acetate, 100 mM MgSO 4 , 2 mM DTT, TBE buffer at 80 V for 2 hr. Gels were stained in SYBR-green and and 20% PEG 8000. Crystals appeared over a period of 3-4 days photographed. A 72 bp homoduplex with blunt ends, OE-72, is and reached the maximum size of 0.1 ϫ 0.1 ϫ 0.3 mm in 2 weeks.
cleaved from plasmids produced in vivo. These crystals belonged to space group I2 1 2 1 2 1 (Table 1) . There were two molecules in each asymmetric unit and 57% (v/v) solvent.
Nucleotide-Binding Assay LN40 crystals were stabilized in the mother liquor with final concen-LN40 or MutL (1-2 mg/ml) in buffer B plus 5 mM MgCl 2 was incubated tration of PEG 8000 at 35% and an addition of 5% ethylene glycol with 1mM ADP, ATP, or ADPnP at room temperature for 1 hr and as cryo-solvent. A mercury derivative was obtained by soaking LN40 then 4ЊC overnight. The protein-nucleotide mixture (100 l) was crystals in the stabilization solution with 0.6 mM ethyl-mercury phosinjected into a preequilibrated Sephadex-200 column (Pharmaciaphate (EMP) for a day. Immediately before flash freezing, LN40 crys-LKB) and eluted at a flow rate of 0.5 ml/min with the same buffer. tals were successively transferred to stabilization buffers with 10%
The nucleotide to protein ratio (x:1) is obtained using the formula and 20% ethylene glycol.
x ϭ (k*Ep280 Ϫ Ep260) / (En260 Ϫ k*En280), in which k is the UV absorption ratio of the protein-nucleotide complex at 260 nm versus Data Collection and Structure Determination 280 nm; Ep280 and Ep260 are the molar extinction coefficients of Diffraction data were collected at 90ЊK on an R axis IPII detector protein (54,200 and 27,100 for MutL; 26,500 and 20,900 for LN40); mounted on a Rigaku RU200 generator and processed using En280 and En260 are of the nucleotides (2,200 and 13,600, respec-DENZO, SCALEPACK, and CCP4 (CCP4, 1994; Otwinowski and Mitively). nor, 1997). Although cell constants did not change very much (Table  1) MLPHARE (CCP4, 1994) . The calculated
